We have investigated the influence of blood flow on thrombin generation, fibrin formation, and fibrin deposition on procoagulant and nonprocoagulant surfaces. Nonanticoagulated human blood was drawn for 5 minutes directly from an antecubital vein over stimulated endothelial cells expressing tissue factor and over human type 111 collagen fibrils, positioned in parallel-plate perfusion chambers. The shear rates at these surfaces were 50, 650, and 2,600 S". Deposition of platelets and fibrin was measured by morphometry. Thrombin and fibrin formation was determined by measuring prothrombin fragments 1 + 2 (F 1 + 2). thrombin-antithrombin 111 complexes, (T-AT) and fibrinopeptide A (FPA) in blood effluent from the perfusion chamber at the end of the 5-minute perfusion period. On procoagulant endothelial cells, the thrombi were primarily composed of fibrin. The fibrin deposition (8190, 2190, and 2% a t 50, 650, and 2,600 S-', re-HROMBUS FORMATION is a dynamic process that is strongly dependent on the local blood flow conditions and the components of the vessel wall lesion exposed to the blood flow. Platelet-rich thrombi are predominantly formed at high shear rate conditions, whereas fibrin-rich thrombi are predominant at low shear rate conditions. Classical mass-transport theory explains that the transport of platelets to the vessel wall increases with increasing shear rate.] However, the influence of the shear rate on the thrombin formation is less known.
HROMBUS FORMATION is a dynamic process that
is strongly dependent on the local blood flow conditions and the components of the vessel wall lesion exposed to the blood flow. Platelet-rich thrombi are predominantly formed at high shear rate conditions, whereas fibrin-rich thrombi are predominant at low shear rate conditions. Classical mass-transport theory explains that the transport of platelets to the vessel wall increases with increasing shear rate.] However, the influence of the shear rate on the thrombin formation is less known.
The effect of the blood flow on the coagulation reactions appears complex. In perfusion experiments, using tissue factor incorporated in a lipid bilayer immobilized on the inner surface of a glass capillary tube or in perfusion experiments with tissue factor expressing fibroblasts, Xa fornation increases with increasing shear rate.'. 3 In contrast, with procoagulant endothelium, procoagulant endothelial extracellular matrix, and procoagulant artery subendothelium, tissue factor/factor VIIa dependent Xa formation and fibrin deposition diminishes with increasing shear rate.3" Thus, these apparent contradictory observations, notably with regard to Xa formation versus fibrin deposition, were obtained with various reactive surfaces and with perfusates of different composition.
To clarify these observations, we have investigated the spectively) and plasma levels of F 1 + 2, T-AT and FPA were shear rate dependent and highest at 50 S". There was a positive correlation between F 1 + 2 and T-AT and the fibrin deposition (P < .01). In contrast, the collagen surface triggered primarily thrombi that were composed of platelets.
The platelet thrombi and plasma levels of F 1 + 2 and T-AT were also dependent on the shear rate, but highest at 650 and 2,600 S". F 1 + 2 and T-AT reached the same level as observed with procoagulant endothelial cells at the higher shear rates. There was a positive correlation between F 1 + 2 and T-AT and the platelet thrombus formation ( P < .05),
confirming the predominant role of platelets in thrombin generation. Thus, thrombin formation is strongly influenced by the blood flow, and this effect depends on the composition of the thrombogenic surface. 0 1994 by The American Society of Hematology.
effect of the blood flow on (1) thrombin generation, ( 2 ) fibrin formation, and (3) fibrin deposition on procoagulant and nonprocoagulant surfaces. Markers indicative for prothrombinase activity on prothrombin (prothrombin fragment l +2 [F 1 +2]), thrombin generation (thrombin-antithrombin I11 complexes [T-AT]), and thrombin cleavage of fibrinogen (fibrinopeptide A [FPA]) were quantified in nonanticoagulated human blood being exposed to procoagulant and nonprocoagulant surfaces at different wall shear rates. The procoagulant surface consisted of stimulated human endothelial cells that expressed biologically active tissue factor,'"' and the nonprocoagulant surface consisted of purified human type 111 collagen fibrils that promote the formation of platelet-rich thrombi." These surfaces were chosen to investigate the respective roles of tissue factor and platelets in supporting thrombin formation at venous and arterial blood flow conditions. The surfaces were positioned in a parallel-plate perfusion chamber device and subsequently exposed to nonanticoagulated human blood at wall shear rates characteristic for small veins (50 S"), medium sized arteries (650 S-'), and moderately stenosed arteries (2,600 s").I3
MATERIALS AND METHODS
Reactive surfiaces. The thrombogenic surfaces used were ( I ) human umbilical vein endothelial cells stimulated with endotoxin and interleukin-l@ and (2) purified human type I11 collagen fibrils. Control surfaces were unstimulated endothelial cells and noncoated Thermanox coverslips (Miles Laboratories, Naperville, IL), which were used as solid support for cells and collagen.
Human endothelial cells were isolated from umbilical veins and cultured according to Jaffe et aLi4 The cells were grown on gelatincoated Thermanox coverslips (22 X 18 mm) pretreated with 0.05% glutaraldehyde. Culture medium was composed of RPM1 1640 and M 199 (ATGC Biotechnologie, Noisy-le-Grand, France) supplemented with 20% human pooled serum (Institut Jacques Boy, Reims, France). The cells were identified by their typical morphology, and only primary cultures were used. Unstimulated endothelial cells did not express any detectable procoagulant activity. Endothelial cells were stimulated for 4 hours with endotoxin (lipopolysaccharides from Escherichi coli 01 1 1 :B4, 10 pg/mL; Sigma Chemical CO, St Louis, MO) and recombinant-human interleukin-lp (50 U/mL, Genzyme, Cambridge, MA) dissolved in culture medium. Stimulated For personal use only. on October 3, 2017. by guest www.bloodjournal.org From endothelial cells expressed tissue factor activity: (1) in vitro, using purified human factors VI1 and X, the Xa generation induced by stimulated cells was fully blocked in the absence of factor VII; and (2) more than 70% of the Xa generation was inhibited by preincubating the cells with an antitissue factor monoclonal antibody (Corvas, La Jolla, CA). Endothelial cells were stimulated simultaneously with endotoxin and interleukin-lp, because we have previously shown that cells stimulated with either endotoxin or interleukin-lg alone do not express sufficient tissue factor activity to be thrombogenic at the experimental conditions used in this study."
Collagen was purified by selective salt precipitation from a pepsin extraction of lyophilized human placenta, as previously described.13 Collagen concentration was measured by hydroxy-proline assay. A fibrillar collagen suspension, obtained by dialysis at 4°C against 20 mmol/L Na2HP0,, pH 7.5, for 48 hours, was spray-coated onto plastic cover slips (Thermanox) to a final density of 20 pgkm'. This density is sufficient to trigger maximum thrombus formation. The collagen-coated cover slips were stored at 23°C for about 16 hours before use in perfusion experiments. This collagen has no detectable tissue factor activity and it is nonprocoagulant."
Perfusion experiments. Perfusion experiments were performed with a parallel-plate perfusion chamber device.I3 Nonanticoagulated human blood was taken from an antecubital vein by an infusion set (l9G; Abbott France, Rungis, France) from healthy volunteers who denied taking any medication in the 7 days preceding the donations. Platelet count, leukocyte count, and hematocrit were all within normal ranges. After collection of blood samples for determination of hematologic parameters, nonanticoagulated blood was drawn directly by a peristaltic Pump (Multiperpex LKB; Pharmacia, St-Quentin-en-Yvelines, France) from the vein through the infusion set, and over the respective surfaces in the perfusion chamber for 5 minutes.
The pump was placed distal to the chamber. Flow rates were 5 and 10 mumin, which, together with the cross-sectional dimensions of the blood flow channel, determine the wall shear rate at the reactive surface. The wall shear rates were 50 S-' (5 mWmin) and 650 and 2,600 S-' (10 mL/min). At the end of the 5-minute blood perfusion, a wash-out buffer (culture medium for endothelial cells, or 130 m m o m NaCI, 2 mmoVL KCI, 12 mmol/L NaHC03, 2.5 mmol/L CaCI2, 0.9 mmol/L MgCI2, 5 mmom Glucose, pH 7.4 for collagencoated coverslips) was perfused at the same flow rate for 60 seconds (50 S") or 20 seconds (650 and 2,600 S-'), followed by a fixation solution (2.5% glutaraldehyde in 0. I m o m cacodylate, pH 7.4) for 40 seconds. The coverslip with the thrombotic deposits was subsequently removed from the chamber, immersed into freshly prepared fixation solution at 4°C for 90 minutes, and stored in 0.1 m o m cacodylate/7% sucrose at 4°C until embedded in Epon."
Morphometricdeteminationsofbloodsu~aceinteractions. Evaluation of thrombotic deposits was performed on Epon-embedded sections (1 pm thick) stained with toluidine blue and basic fuchsin. The sections were prepared as previously describedI3 at an axial position of 1 mm downstream to the coverslip flow inlet and perpendicular to the direction of the blood flow." Standard morphometry,'8 performed by light microscopy at 1,000 magnification, was used to quantify the percent surface coverage (l) with platelets adherent to collagen or adherent to cells or to fibrin on cells (percent platelet adhesion); (2) with fibrin, recognized as circular spots, on cells or on collagen, associated or not associated with platelets (percent fibrin deposition); and ( 3 ) with thrombi defined as platelet aggregates more than 5 pm in height covering the surface (percent thrombi). In studies with endothelial cells, the surface coverage with cells was determined and expressed as percent endothelial coverage.' These morphometric evaluations were performed at 10-pm intervals along the surface by moving the section along an eye-piece micrometer positioned in the ocular of the microscope. Approximately, 400 evaluations per section were performed. 
Defemination of thrombin formation and platelet activation.
Plasma levels of p thromboglobulin (BTG), F 1 +2, T-AT, and FPA were measured during the blood perfusion experiments. Blood samples (3.2 mL) were collected (1) at the flow inlet of the chambers before and after 5 minutes of perfusion, and (2) at the flow outlet of the chambers between 4.2 and 5 minutes perfusion at 50 S", and between 4.5 and 5 minutes perfusion at 650 and 2,600 S" (Fig 1) . The blood samples at the flow outlet were collected by a syringe pump (Harvard Apparatus, South Natick, MA) withdrawing at the same flow rate, ie, 5 or 10 mL/min, through a puncture made with a 19G infusion set at the outlet tubing, between the chamber and the roller pump. The roller-pump was switched off during the sampling procedure to keep the blood flow rate constant.6 Blood samples (3.2 mL) were collected into 0°C precooled syringes prefilled with mixtures of two anticoagulants, one of the mixture inhibits platelet activation and contained sodium citrate, citric acid, theophyllin, adenosine, dipyridamole (0.4 mL; Diatube, Stago, Asnitres, France), and the other one inhibits activation of coagulation and contained citrate, heparin, and aprotinin (0.4 mL, Assera FPA; Stago). The blood samples were immediately centrifuged at 4°C and 3,OOOg for 30 minutes, and aliquots of plasma were stored at -70°C until assayed. All markers were measured by commercially available immunoenzymoassays (Assera PTG, Assera FPA, Stago; Enzygnost-F 1 +2, Enzygnost-TAT, Behring, Germany, respectively).
Sratistical analysis. Statistical analysis was performed using the PCSM program (Deltasoft, Meylan, France). Results were expressed as mean 5 1 SE and compared with the Mann-Whitney U test. Leastsquares regression analysis was used to determine the correlation coefficient (r) and the significance level ( P ) for relationships between variables. P values less than .05 were considered significant.
RESULTS

Thrombin formation and platelet activation at the blood flow inlet of the perfusion chamber. Thrombin formation
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From and platelet activation taking place during the 5-minute perfusion period were evaluated at the blood flow inlet of the perfusion chamber (Fig 1) . The plasma levels of PTG, F 1 +2, T-AT, and FPA were assayed in blood collected (l) after discarding the first 2 mL of blood following the venipuncture, and (2) at the end of the 5-minute perfusion period (Table 1) . Except for the plasma levels of F 1+2, the other markers increased significantly during the perfusion (P 5 .05), but remained within the respective normal ranges. Thus, thrombin formation and platelet activation were within the normal ranges at the flow inlet of the perfusion chamber during the entire experiment. Effect of shear rate on blood-endothelial cell interactions. The blood flow did not cause significant cell detachment at any of the three shear rates (Table 2) . Thus, blood interactions with the extracellular matrix were minimal during the perfusion experiments. Virtually, no platelet or fibrin were deposited on nonstimulated endothelial cells, irrespective of the shear rate (Fig 2) . In contrast, stimulated endothelial cells promoted efficiently the formation of fibrin-rich thrombi. Fibrin deposition was massive at 50 S" (81.3% 2 13.6% surface coverage), and decreased to 21.0% 2 7.5% and 2.1% 2 0.7% at 650 and 2,600 S", respectively. Platelets, mostly associated with fibrin, covered approximately 10% of the surface at either shear rate (Fig 2) .
Effect of shear rate on thrombin formation and platelet activation by endothelial cells. The plasma levels of PTG, F 1+2, T-AT, and FPA were measured in blood samples collected immediately distal to the perfusion chamber between 4.2 and 5 minutes perfusion of nonstimulated endothelium (Fig 3) . The plasma levels of T-AT and FPA were five and 20 times higher respectively at the chamber flow outlet than at the flow inlet in perfusion experiments with unstimulated endothelial cells (Fig 3, Table 1 ; P < .01). The F 1+2 values did not differ significantly from the values measured at the flow inlet ( P > S). There were no statistical differences between the plasma levels of the respective four markers at the three different shear rates when nonstimulated endothelial cells were exposed to the blood flow (P > .lo).
However, in perfusion experiments with stimulated endothelial cells, the formation of F 1+2, T-AT, and FPA was shear-rate dependent. Highest plasma levels were observed at 50 S", then they gradually diminished with increasing shear. At 50 S", the plasma levels of F 1+2, T-AT, and FPA increased twofold, 15-fold, and 12-fold following stimulation of the cells ( P = .l0 for F 1+2 and P < .01 for T-AT and P A ) . T-AT and FPA were still significantly higher at 650 S" ( P < .Ol), but this difference disappeared at 2,600
The plasma levels of m G were higher with stimulated cells at 50 S-' ( P < .05), but did not increase with increasing shear rate (Fig 3) . Fibrin deposition on the stimulated cells was significantly correlated with markers of thrombin formation (F 1+2 and T-AT, P < .01, Fig 4) . In addition, both FPA plasma levels and fibrin deposition decreased with increasing shear rate, but the relationship was not significant ( P = .18). Finally, no significant relationships were found between fibrin deposition and m G ( P > .60) and between platelet adhesion to fibrin and cells and the respective plasma markers ( P > .15).
Effect of
shear rate on blood-collagen and bloodThermanox interactions. To determine the role of platelets in thrombin formation at various shear conditions, blood collagen interactions were investigated at 50, 650, and 2,600 S" with a nonprocoagulant fibrillar collagen preparation ( Fig  5) . Platelet-collagen adhesion and platelet thrombus formation increased with increasing shear rate. However, the platelet-collagen adhesion leveled off at 650 s-', covering 70% to 80% of the surface. However, thrombus formation augmented continuously from 50 to 2,600 S-'. Fibrin deposition was low (>5%), irrespective of the shear rate.
The presence of collagen was critical to the reactivity of the surface, because in its absence, no thrombi formed on the Thermanox coverslip. The platelet-Thermanox adhesion was below 5% at 50 and 2,600 S-', but higher at 650 S-' (20.7% 2 5.6%). Approximately 30% of these platelets were not spread out on the surface, but merely attached to the Thermanox with a small portion of the plasma membrane.
Effect of shear rate on thrombin formation and platelet activation by collagen and Thermanox. In perfusion exper-3: f P l 0
SHEAR RATE (S")
iments with collagen fibrils, plasma levels of PTG increased with the shear rate (Fig 6) , and were positively correlated with platelet thrombus formation (Fig 7) . The m G plasma levels were significantly higher at 650 and 2,600 S-' (P < .05 and P < .01, respectively) than those measured with the noncoated Thermanox surface, which did not support platelet thrombus formation (Fig 5) .
In perfusion experiments with Thermanox coverslips, thrombin formation was comparable to that observed with nonstimulated endothelial cells and equivalent at the three shear rates ( P 2 .lo , Fig 3 and 6) . In contrast, when collagen fibrils were introduced, the thrombin formation was dependent on the shear rate: the plasma levels of F l +2, T-AT, and FPA distal to the chamber were lowest at 50 S" and increased by increasing shear. Thus, in comparison with the perfusion experiments with procoagulant endothelial cells, these plasma levels were lower at 50 S-' ( P < .Ol), but reached the same levels at 650 and 2,600 S-' ( P > .lo).
However, the plasma levels of F 1+2 and T-AT increased continuously from 50 to 2,600 S-', whereas those of FPA decreased from 650 to 2,600 S-', indicating that the interaction between thrombin and fibrinogen was reduced at high shear rate.
Thrombin formation was related to both platelet thrombus formation and platelet activation in perfusion experiments with collagen fibrils, because F 1 +2 and T-AT were significantly correlated with thrombus formation (Fig 7) , and with the plasma levels of PTG ( r > .7, P < .001).
DISCUSSION
The purpose of the present study was to investigate the influence of the blood flow on thrombin formation at procoagulant endothelium and nonprocoagulant collagen fibrils. Thrombotic deposits on the respective surfaces were quantified by morphometry and related to the plasma levels of the thrombin formation by measuring F 1+2, T-AT, and FPA. It was found that both procoagulant human endothelium and nonprocoagulant human type 111 collagen fibrils supported thrombin formation. However, thrombin accumulation at high shear rate did not result in fibrin deposition on the surfaces. Furthermore, the procoagulant versus nonprocoagulant properties of the surfaces affected the thrombin formation as well, because the formation of platelet thrombi on the nonprocoagulant collagen fibrils appeared to be a prerequisite for the thrombin formation. On procoagulant endothelium, the thrombin formation is known to be predominantly triggered by tissue factodfactor VIIa activation of the factors IX and The role of the blood flow on interactions and activation of coagulation proteins in native human blood has not gained much attention. In some studies, anticoagulated blood has been used.',8320 This approach is not ideal, because (1) one or more steps of the coagulation cascade are inhibited, and ( 2 ) the anticoagulated blood is recirculated over the thrombogenic surfaces resulting in accumulation of activated hemostatic material. Our study was performed using an ex vivo perfusion model of human thrombogenesis with native, nonanticoagulated, blood. The model and the modified parallelplate perfusion chambers recently developed for such ex vivo perfusion experiment^^"^ were specifically designed to study blood-surface interaction with minimal artefactual activation of platelets and coagulation. Thus, by using sensitive markers of thrombin formation and platelet activation, we showed first that activation of the hemostatic system due to the venipuncture and passage of the blood to the chambers was minimal during the entire perfusion period (Table 1) . Second, the thrombin generation and platelet activation observed in blood collected distally to the chambers was, indeed, related to the reactive surfaces because with nonreactive materials (nonstimulated endothelial cells or Thermanox S" (n = 4 to 6). *, ** Significant differences ( P < .05 and P < .01, respectively) between noncoated Thermanox coverslips and collagen-coated coverslips.
"
noncoated coverslips), the plasma levels of the markers indicative for platelet or coagulation activation were much lower and independent on the shear conditions (Figs 3 and  6) . It is to be noted that F 1+2 appeared less sensitive than T-AT and FPA in detecting thrombin formation. For example, the mean plasma level of T-AT and FPA, but not that of F 1 +2, raised significantly at the flow inlet of the chamber following 0-and 5-minute perfusions (Table 1) . Also, in contrast to T-AT and FPA, the plasma levels of F 1+2 did not increase significantly on activated endothelial cells at shear rates of 650 and 2,600 S-'. This lower sensitivity could be related to the fact that some of the F 1+2 molecules remain attached to the catalytic phospholipidid surface of endothelial cells or platelets from which thrombin is released free into the flowing blood.
Thrombin formation appeared dependent on the composition of the thrombogenic surface. In perfusion experiments with nonprocoagulant collagen fibrils, the thrombin formation was positively correlated with the wall shear rate and increased by increasing platelet thrombus formation, as shown by the elevated plasma levels of F 1+2 and T-AT. This enhancement in prothrombin activation and thrombin generation is probably underestimated because the surface in contact with the blood was smaller in perfusion experiments performed at 2,600 than at 650 or 50 S" (0.9 v 1.4 cm'). Thus, by using a larger collagen surface area at 2,600 S-', it is possible that a higher accumulation of platelets and, thereby a larger increase in F 1+2 and T-AT levels would have been observed.
At high wall shear rate, the thrombin generation induced by the exposure of the flowing blood to the nonprocoagulant collagen fibrils was comparable to that induced by the procoagulant endothelium (Figs 3 and 6 ). The enhancement of this thrombin formation on the collagen surface was apparently triggered by deposited platelets. Thus, at the low wall shear rate (50 S-'), where less thrombin was generated, it is possible that the number of deposited platelets and/or their state of activation were not sufficient to optimally support the coagulation reactions. In addition, the presence of collagen fibrils was important, because in its absence, no thrombi formed (Fig S) , and the thrombin formation was low, regardless of the shear conditions (Fig 6) . Collagen-activated platelets, along with kallicrein, may have promoted the initiation of the intrinsic coagulation cascade by binding factor XI." Furthermore, the binding of factor XIa formed on the platelet surface by specific, high-affinity binding sites enhances its capacity to activate factor IX. Platelets also provide the phospholipid surface known to bind and concentrate the coagulation proteins of the tenase (X, IXa, and VIII) and prothrombinase (II, Xa and V) complexes."
However, coagulation reactions might also have been amplified through expression of tissue factor and/or direct activation of factor X by monocytes deposited on the collagen-coated coverslip.13 It is also possible that coagulation activation at the site of the venipuncture by tissue factor-dependent mechanisms followed by a translocation of activated coagulation proteins may have facilitated thrombin formation on collagen. However, this mechanism is probably not important in view of the low activation of the hemostatic system due to the venipuncture (Table 1) . Finally, the coagulation reactions may have been promoted by increasing wall shear rate, which accelerates the enzyme kinetics or induce steric or conformational changes of the different enzymatic complexes. In this regard, previous studies have shown that an increase in Xa formation with increasing wall shear rate was associated with an augmentation of the Vmax of the enzymatic reaction^.'.^ Thrombin accumulation at high arterial shear rate did not promote fibrin formation and fibrin deposition because the plasma levels of FPA decreased from 650 to 2,600 S- ' 3 and 6), and virtually no detectable fibrin strands were observed on the procoagulant and the nonprocoagulant surfaces (Figs 2 and 5 ). This finding may be due to the direct effect of flow impeding the thrombin cleavage of fibrinogen and the fibrin deposition. It is possible that, at high shear conditions, the thrombin formed at the respective surfaces interact predominantly with the thrombin receptor and less with fibrinogen molecules. In this regard, it is interesting to note that the affinity of thrombin for platelets seems greater that the one for the fibrinogen molecules." Further, thrombin binds to its receptor on platelet and fibrinogen through the same site (eg, the anion binding exosite I) and, therefore, is not able to cleave fibrinogen once on its platelet receptor.*'
The procoagulant endothelium triggered much more thrombin formation than the nonprocoagulant collagen fibrils at venous shear. Previous experiments have shown that this procoagulant activity is entirely due to the expression of biologically active tissue factor in the cell membrane."' The fibrin deposition on the cells paralleled significantly the thrombin formation, ie, F I +2 and T-AT (Fig 4) , but surprisingly, the relationship with FPA plasma levels was not significant ( P = .18). Different hypotheses can be raised to explain this latter finding. First, it could simply be related to the wide distribution of FPA values, especially at 650 S -I. Second, the plasma levels of the different markers were measured only in the blood collected between the fourth and fifth minute of the perfusion period, which may not optimally reflect the events occuring on the thrombogenic surface during the foregoing period. Also, this result could signify that all the fibrin cleaved by thrombin did not deposit on the procoagulant cells, but remained soluble,8 or, alternatively that small fibrin polymers deposited were not visible by light microscopy.
The negative effect of flow on fibrin formation and deposition could be explained in part by the dilution and dispersion of procoagulant molecules, eg, thrombin. However, the arterial shear conditions may, in addition, have lowered the fibrin deposition by shortening the residence time of fibrin monomers at the surface, thus creating a wash-out effect. The decrease in fibrin deposition on the cells by increasing shear has also been observed on other tissue factor containing surfaces, such as stimulated endothelium:'" extracellular endothelial matrix of stimulated end~thelium,~.~.'" and subendothelium of rabbit aorta.435 It also agrees with in vivo observations, because fibrin predominates in venous thr~mbi.'~ In contrast to the collagen fibrils, the procoagulant endothelium at increasing shear rate reduced both thrombin cleavage of fibrinogen (measured by FPA) and also the prothrombin activation and thrombin generation (measured by F 1 +2 and T-AT, respectively) (Fig 3) . However, it is to be noted, as already indicated, that the surface in contact with the blood being smaller in perfusion experiments performed at 2,600 than at 650 or 50 S" (0.9 v 1.4 cm'), the shearrate dependent decrease in thrombin and fibrin formation between 650 and 2,600 S" would be possibly attenuated if the endothelial cell surface in contact with the flowing blood was identical. In a previous study, Xa formation was also reduced by flow in perfusion experiments using stimulated endothelial cells expressing tissue factor.' These results are in apparent contradiction to those found on nonprocoagulant collagen fibrils or on other tissue factor-possessing surfaces, where Xa and thrombin formation were promoted by increasing shear rate.' Presumably, the differences between endothelial cells and other surfaces may be related to the specific properties of the endothelial cells. For example, endothelial cells synthesize and express two important anticoagulants, namely the tissue factor pathway inhibitor" and thrombomodulin,*j and it is possible that increasing wall shear rate may promote the enzymatic reactions in a general way and may, therefore, also favor the interaction of the serine-proteases with these inhibitors. Thus, the presence of these inhibitors may result in decreased thrombin formation at high wall shear rates.
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From Our data are consistent with the view that the blood flow may either promote or reduce thrombin generation, depending on the composition of the reactive surface. However, the fibrin formation and deposition decrease with increasing shear rate, independently of the composition of the thrombogenic surface. It also appears that thrombin is involved in the formation of both fibrin-rich venous thrombi and platelet-rich arterial thrombi. The central role of thrombin in these pathologic conditions emphasizes the pivotal role of the coagulation proteins in both venous and arterial thrombogenesis.26
